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La1.8−xEu0.2SrxCuO4 (LESCO) is the member of the 214 family which exhibits the largest in-
tervals among the structural, charge ordering (CO), magnetic, and superconducting transition tem-
peratures. By using new dc transport measurements and data in the literature we construct the
phase diagram of LESCO between x = 0.8 and 0.20. This phase diagram has been further probed
in ac, by measuring the optical conductivity σ1(ω) of three single crystals with x = 0.11, 0.125, and
0.16 between 10 and 300 K in order to associate the extra-Drude peaks often observed in the 214
family with a given phase. The far-infrared peak we detect in underdoped LESCO is the hardest
among them, survives up to room temperature and is associated with charge localization rather
than with ordering. At the CO transition for the commensurate doping x = 0.125 instead the
extra-Drude peak hardens and a pseudogap opens in σ1(ω), approximately as wide as the maximum
superconducting gap of LSCO.
PACS numbers: 74.25.Gz, 74.72.-h, 74.25.Kc
I. INTRODUCTION
One of the most interesting issues concerning high-Tc
cuprates is the competitive coexistence between super-
conductivity and charge/magnetic order. This problem
dates back to the discovery, in 1988 [1], of a drop in Tc at
the commensurate doping x = 0.125 in La2−xBaxCuO4
(LBCO), and found an explanation with the discovery of
commensurate charge and spin order at 1/8 hole doping
[2], in form of charge stripes separated by antiferromag-
netic, neutral walls. It became then clear that static
charge and spin ordering competes in cuprates with su-
perconductivity and leads to its partial suppression. Fur-
ther studies on different members of the 214 family [3–5]
showed that, upon cooling, such ordering is preceded at a
temperature called Td2 (see Table I) by a structural tran-
sition from the usual Low-Temperature Orthorhombic
(LTO) to a Low-Temperature Tetragonal (LTT) phase,
through a rotation of the oxygen octahedra surrounding
the Cu atoms. However, this well established landscape
was deeply modified when inelastic neutron scattering [6–
8] and infrared spectroscopy [9–11] found anomalies in
the low-temperature response of the 214 compounds also
at incommensurate doping, where no static superlattices
were found by conventional diffraction. Such features
were attributed to fluctuating spin and charge ordering,
and are similar to those produced by static ordering. In
both cases, for example, an extra-Drude peak appears
in the far-infrared (FIR) optical conductivity, which in-
dicates charge localization, and damped spin excitations
or ”paramagnons” [12] are detected by inelastic x-ray
scattering (RIXS). Fluctuating charge order in cuprates
seems then to coexist with, or even to favor, supercon-
ductivity, and the intriguing implications of this finding
have been widely discussed in the literature (for a review,
see, e. g., Ref. 13).
In an attempt to better understand the interplay be-
tween ordering phenomena and superconductivity, an-
other member of the 214 family, La1.8−xEu0.2SrxCuO4
(LESCO) has been investigated in recent years. Therein,
below x = 0.17 no Meissner effect can be detected [14],
while clear indications of antiferromagnetic (AF) order
were found for 0 ≤ x ≤ 0.014 by muon spin rotation
[15]. Short-range magnetic order was detected in the
same experiment for x > 0.08. Evidence for stripe for-
mation, with a doping-dependent wavevector, was pro-
vided by Resonant X-ray Diffraction below TCO−diff =
80 K at x = 1/8 and below 65 K at x = 0.15 [16]. Here
also, commensurate order competes with superconduc-
tivity, as demonstrated by a recent pump-probe optical
experiment. The stripes of LESCO at 1/8 doping were
destabilized by a mid-IR pumping of the Cu-O stretch-
ing mode. By then probing in the Terahertz range both
the real and imaginary part of the optical conductivity,
the authors observed that the superconducting state was
restored with a strong increase in Tc [17].
By using data in the literature and original dc trans-
port measurements (in particular the c-axis resistivity ρc
and its derivative dρc/dT ) we could construct the phase
diagram of La1.8−xEu0.2SrxCuO4 between x = 0.08 and
0.20, as shown in Fig. 1. With respect to the lead-
ing member of the family, LSCO, its ”superconducting
dome” is less pronounced and coexists with an antiferro-
magnetic phase, which survives at higher temperatures.
Optimum doping is achieved for x = 0.16, where static
charge ordering disappears from the X-ray diffraction
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2spectra. As a result of this phase diagram, in compari-
son with the other charge-ordered 214 compounds, LE-
SCO exhibits the largest separations among the struc-
tural, magnetic, and charge ordering transition tempera-
tures (see Table I). This will make easier, in the present
optical study, to separate the effects of long-range charge
order from those which can be ascribed to the other tran-
sitions, or simply to charge localization effects. Even if
LESCO has been studied with different techniques for
about fifteen years, to date its equilibrium optical prop-
erties have not been reported to our knowledge.
Compound Td2 (K) TCO (K) TM (K) Tc (K)
La1.48Nd0.4Sr0.12CuO4 [4] 70 60 50 2
La1.875Ba0.05Sr0.075CuO4 55 40 [18] 50 10
La1.675Eu0.2Sr0.125CuO4 125 [15] 80 [16] 45 [19] 5
TABLE I: Transition temperatures of three compounds of the
214 family with 0.125 hole doping. Td2 refers to the structural
LTT-LTO transition, TCO and Tm are the temperatures of
charge and spin ordering, respectively, and Tc is the supercon-
ducting critical temperature. LESCO exhibits the maximum
separation among the above temperatures.
FIG. 1: (Color online). Phase diagram of LESCO. Td2 was
determined from the anomaly in the temperature derivative of
the c-axis resistivity dρc/dT , the magnetic ordering temper-
ature Tm was taken from Ref. 15, TCO−diff from Ref. 20 (x
= 0.125) and Ref. 16 (x = 0.15), and TCO−Hall by the corre-
sponding drop in the Hall coefficient vs. temperature. Yellow
triangles indicate the low-T optical measurements presented
here.
II. EXPERIMENT AND RESULTS
The single crystals of La1.8−xEu0.2SrxCuO4 were all
grown at the University of Tokyo using the Travelling-
Solvent Floating-Zone (TSFZ) technique and were fully
characterized as reported in Ref. 20. The diffraction
measurements were performed on the BL19LXU beam-
line at RIKEN SPring-8, while the resistivity ρc(T ) and
the Hall coefficient RH(T ) of each sample were measured
using a standard six-terminal AC technique [20].Three
crystals were selected for the optical measurements: two
underdoped samples having x = 0.11 (3.0x3.5x0.3 mm in
size) and x = 0.125 (2.0x2.5x0.3 mm) and an optimally
doped crystal with x =0.16 (8x4x4 mm). Their transition
temperatures are reported in Table II.
x Td2 (K) TCO (K) Tm (K) Tc (K)
0.11 129 90 20 4
0.125 132 80 30 5
0.16 135 40 25 14
TABLE II: Transition temperatures measured in LESCO sin-
gle crystals with the same compositions as the three samples
considered in the present study. For the employed techniques,
refer to the caption of Fig. 1.
The reflectivity R(ω) of the crystals was measured at
near-normal incidence, in the ab plane, by a Michelson
interferometer from 30 to 20000 cm−1 in a helium-flow
cryostat. The temperature range was 10-300 K, with an
error on temperature of ± 2 K. The reference in the in-
frared (visible) was a thin gold (silver) layer deposited in
situ on the sample. In order to obtain the real part of the
optical conductivity σ1(ω) by standard Kramers-Kronig
transformations, R(ω) was extended to high frequencies
using LSCO data from Ref. 25, then extrapolated to
ω = ∞ by a power law. The extrapolation to zero fre-
quency was instead provided by a Drude-Lorentz fit to
the FIR reflectivity. The (x, T ) positions of the spectra
are marked by triangles in the phase diagram of Fig. 1.
The reflectivity spectra are shown in Fig. 2 and their
temperature variation is concentrated in the far-infrared
range. At higher frequencies, they all exhibit a minimum
in the near IR at the so-called screened plasma frequency
ω˜p ' 7500 cm−1. In metallic cuprates this value cannot
be ascribed to the Drude term only, but results from
its superposition with a mid-infrared band (MIR), as
discussed below. An interband transition, the Cu-O
charge-transfer band, causes the raise in R(ω) above ω˜p.
The real part σ1(ω) of the optical conductivity, ex-
tracted from R(ω) as reported above, is shown for the
three samples in Fig. 3. In addition to the charge-
transfer band above ∼ 9000 cm−1, they all exhibit an-
other feature typical of doped cuprates [21], namely, a
broad mid-infrared absorption that in LESCO is peaked
3around 3000 cm−1.This band, which appears in most
strongly correlated materials [22–24], is related to the
optical transitions between the lower- and the upper-
Hubbard bands to the single particle peak.
The peculiar features of LESCO appear in the FIR
range, where we will focus our discussion. Therein,
σ1(ω) exhibits a conventional Drude-like absorption for
the sample at optimum doping (x=0.16) in Fig. 3-c.
Its Drude peak gradually narrows upon cooling, with a
transfer of spectral weight from high to low frequencies
around an isosbestic point situated at ω ' 150 cm−1
and an appreciable decrease above 150 cm−1. A Drude-
Lorentz fit (see below) provides a plasma frequency ωp
= 4500 cm−1, to be compared with ωp = 6100 cm−1 in
Eu-free LSCO. This helps us to understand another ob-
servation, namely that σ1(ω) for ω → 0 in Fig. 3-c is
much lower than for LSCO at optimum doping [9]. This
may be due to a reduction in the charge density, with re-
spect to the Eu-free compound, despite the fact that Eu
was considered for a long time isovalent with La. Finally,
despite Tc being 14 K, at T = 10 ± 2 K the opening of
a gap is not observed yet. This is probably due to lack
of data below 30 cm−1, caused by the small size of this
FIG. 2: (Color online). Reflectivity in the ab plane for
the three La1.8−xEu0.2SrxCuO4 crystals at different temper-
atures.
crystal.
Both in the x = 0.11 and x = 0.125 samples, at vari-
ance with that at optimum doping, σ1(ω) decreases at
any T for ω → 0. The FIR peak responsible for this be-
havior is clearly shown by the Drude-Lorentz fits reported
at 10 K in Figs. 4-a and -b, while it is absent at optimum
doping (Fig. 4-c). At x = 0.11 it is centered around 125
cm−1, at x = 0.125 around 170 cm−1. The fit also dis-
tinguishes the Eu phonon peaks of the 214 ab plane, in-
creasingly shielded for increasing doping, and the broad
MIR band reproduced by the sum of two Lorentzians.
FIR peaks at finite frequencies similar to those in Fig.
4-a and -b were observed in LNSCO [26], underdoped
LSCO [9], and La1.875Ba0.125−ySryCuO4 (LBSCO) [11],
and attributed to charge localization and ordering, ei-
ther static or dynamic. Figure 5 proposes a comparison
among the far-infrared conductivities of LESCO (present
FIG. 3: (Color online). Optical conductivity in the ab plane
for the La1.8−xEu0.2SrxCuO4 crystals at different tempera-
tures.
4experiment), LNSCO [4], and LBSCO [18], at commen-
surate doping and low temperature. All of them show the
FIR peak, but the one in LESCO is found at the high-
est frequency. Consistently with this finding, in both
LESCO samples of Fig. 3 with x = 0.11 and 0.125, the
peak survives at remarkably high temperatures. They are
also higher than all the transition temperatures reported
in Table I for x = 0.125 and in the phase diagram of
Fig. 1. Therefore the charge carriers associated with the
FIR peak in these compounds are localized even in the
absence of long-range order. For x = 0.11, the peak is ap-
proximately independent of temperature. For x = 0.125
instead, it hardens considerably below the CO transition
at 80 K, indicating that it is such shift, not the appear-
ance of the peak itself, which is related to long-range
ordering.
To better follow the process induced by CO in LESCO,
we have plotted in Fig. 6 the variation of the optical con-
ductivity between different temperatures and room tem-
FIG. 4: (Color online). Optical conductivity of the
La1.8−xEu0.2SrxCuO4 crystals at 10 K (dotted lines), with
the results of Drude-Lorentz fits.
perature for both underdoped crystals in the far infrared.
While at x = 0.11, as anticipated previously, there is no
appreciable change in the whole temperature range, the
sample with commensurate doping x = 0.125 exhibits the
opening of a pseudogap below 200 cm−1. This gap opens
at 100 K, just below Td2 = 132 K, and strongly deepens
below TCO = 80 K, through a transfer of spectral weight
towards higher frequencies. One should remark that the
direct observation of a pseudogap in σ1(ω) is unusual for
the ab plane of cuprates, where such phenomena are typ-
ically detected in the carrier relaxation rate Γ(ω), after
the application of an extended Drude model [27]. Fi-
nally, a very interesting result is that the width of the
present CO gap (200 cm−1) is comparable with that of
the optical gap in superconducting LSCO.
III. CONCLUSION
This work reports an optical investigation of Eu-doped
LSCO around the 1/8 commensurate doping. This mem-
ber of the 214 family has been selected for its peculiar
phase diagram, where the transitions between different
structural, electronic, and magnetic phases are well sep-
arated in temperature. Eu-doping produces in LSCO a
pronounced reduction of low-energy conductivity, which
basing on the present infrared measurements can be as-
cribed mainly to a reduction in the plasma frequency
and then in the number of the free carriers, despite Eu
being considered isovalent with La. In the underdoped
samples with x = 0.11 and x = 0.125, a FIR peak is
observed at ω ∼ 200 cm−1 which is similar to those de-
tected in the other 214 compounds which exhibit charge
and spin ordering. Nevertheless, here the peak survives
at temperatures much higher than both TCO = 80 K and
FIG. 5: (Color online). Low-temperature optical con-
ductivity, in the CO phase, of La1.575Eu0.2Sr0.125CuO4,
La1.48Nd0.4Sr0.12CuO4 [4], and La1.875Ba0.05Sr0.075CuO4,
[18]. σ1(ω) in La1.48Nd0.4Sr0.12CuO4 and
La1.875Ba0.05Sr0.075CuO4 is divided by a factor 4.
5Td2 = 132 K, indicating that it is related to charge lo-
calization rather then to long-range ordering. Only in
the commensurate x = 0.125 sample we find evidence
for a strong effect below TCO. This is the opening of
a pseudogap 200 cm−1 wide, caused by a pronounced
hardening of the above peak, with a recovery of the sum
rule around 600 cm−1.The pseudogap energy value is im-
pressively close to that for the maximum superconduct-
ing gap in the 214 family. This similarity in the energy
scale between commensurate charge/spin ordering and
superconductivity substantiates the observation that the
former effect can compete with the Cooper pair forma-
tion energy and therefore dramatically reduce Tc in the
cuprates of the 214 family.
FIG. 6: (Color online). Variation of the optical conductivity
between different temperatures T and 300 K, for the under-
doped La1.8−xEu0.2SrxCuO4 crystals.
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